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The composition of continental crust records the balance between construction by
tectonics and destruction by physical and chemical erosion. Quantitative constraints
on how igneous addition and chemical weathering have modified the continents’
bulk composition are essential for understanding the evolution of geodynamics
and climate. Using novel data analytic techniques we have extracted temporal trends
in sediments’ protolith composition and weathering intensity from the largest avail-
able compilation of sedimentary major element compositions: ∼15,000 samples from
4.0 Ga to the present. We find that the average Archean upper continental crust was
silica-rich and had a similar compositional diversity to modern continents. This is
consistent with an early Archean, or earlier, onset of plate tectonics. In the

Archean, chemical weathering sequestered ∼25 % more CO2 per mass eroded for the same weathering intensity than in sub-
sequent time periods, consistent with carbonmass balance despite higher Archean outgassing rates andmore limited continental
exposure. Since 2.0Ga, over long (>0.5Gyr) timescales, crustal weathering intensity has remained relatively constant. On shorter
timescales over the Phanerozoic, weathering intensity is correlated to global climate state, consistent with a weathering feedback
acting in response to changes in CO2 sources or sinks.
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Introduction

The rocks at Earth’s surface are compositionally divided between
dense, silica-poor oceanic crust and a buoyant, silica-rich con-
tinental crust. It is generally accepted that this dichotomy is
maintained by plate tectonics. The emergence of Earth’s first
felsic continents therefore could be an indicator for when plate
tectonics began. The timing of the earliest felsic continents how-
ever remains debated. The Archean (i.e. 2.5–4.0 Ga) continents
are often viewed as having a mafic composition similar to the

oceanic crust (e.g., Taylor andMcLennan, 1986; Tang et al., 2016)
suggesting a late onset for plate tectonics during the
Neoarchean,∼2.5 Ga. However, a contrasting view has emerged
of evolved, silica-rich Archean continents (Greber et al., 2017;
Keller andHarrison, 2020; Ptáček et al., 2020). This view suggests
an earlier onset for plate tectonics before 3.5 Ga.

Not only is the history of the crust necessary for under-
standing geodynamics, reactions between the crust and hydro-
sphere stabilise the planet’s climate (Broecker and Langmuir,
1985). Continental chemical weathering (the alteration of silicate
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minerals by reaction with water at Earth’s surface) transfers
atmospheric CO2 into carbonate minerals deposited on the
ocean floor. This reaction is the major long term sink for CO2

outgassed by the mantle (Walker et al., 1981; Berner et al., 1983).

The geochemical composition of sedimentary rocks is our
primary record of crustal evolution on Gyr timescales. However,
this archive is challenging to interpret. Chemical weathering
strips sediments of mobile elements altering their composition
relative to the rocks from which they derive (protoliths).
Signals of changing crustal composition are thus obscured by
alteration. Additionally, most sediments record the signals of
the local catchment they come from, not the continental crust
as awhole. Here, we provide newperspectives into the long term
composition and alteration of the upper continental crust
(UCC).We use novel data analyticmethods and the geochemical
database produced by the Sedimentary Geochemistry and
Paleoenvironments Project.

Methods and Data

Most studies aiming to track changes in crustal composition
avoid the alteration of sedimentary compositions by selecting
weathering-insensitive elemental ratios. Whilst this approach
can resolve protolith changes, by design, it cannot provide
information on weathering intensity changes. Here, we simulta-
neously extract signals of both the weathering intensity of sedi-
ments and protolith composition.

To do this we use a new method which explains the major
element (Si, Al, Fe, Mg, Na, Ca, K) composition of sediments in
terms of the compositionof their protolith, andhow intensely they
have been weathered (Lipp et al., 2020). This approach constructs
a model for a centred log-ratio transformed composition (after
Aitchison, 1986) x 0, as the sum of a weathering vector, ŵ, and
a protolith vector, p̂, relative to the composition of modern UCC:

x
0
=UCC + ωŵ + ψ p̂ + E: Eq. 1

The coefficients of these vectors correspond to the weath-
ering intensity experienced by a sediment, ω, and its protolith
composition, ψ. Deviations from this model cause the misfit,
E, to rise. Sediments with protoliths more(/less) felsic than
modern UCC have positive(/negative) ψ values. Weathering of
rocks causes ω to rise. Here, we modify this method to correct
for the effect of sodium-calcium cation exchange that can occur
between dissolved species and those adsorbed to clays (e.g.,
Sayles andMangelsdorf, 1979).We also use a recalibrated ŵ vec-
tor. These modifications reduce the possibility of biases. Some
limitations, including diagenesis and marine authigenic clay for-
mation, are discussed in the Supplementary Information but do
not significantly affect our results.

We apply this method to the compilation of sedi-
mentary geochemical data produced by the Sedimentary Geo-
chemistry and Paleoenvironments (SGP) research consortium

(sgp.stanford.edu). The SGP database compiles geochemical
data and geological context information from three sources: 1)
direct data entry by SGP team members (mainly Neo-
proterozoic and Palaeozoic shales with global geographic cover-
age), 2) the USGS National Geochemical Database (consisting
of data from USGS projects from the 1960-1990s; mainly
Phanerozoic samples of all lithologies from the United States),
and 3) the USGS Critical Metals in Black Shales database
(a global shale database spanning all of Earth history). In total
we analyse 17,472 major element compositions each associated
with an age. Full details of data, pre-processing and analysis is
found in the Supplementary Information.

The Archean Protolith

First, we investigate changes in the average composition of the
exposed UCC through time. To overcome local heterogeneities
we calculate composite samples using the arithmetic mean of all
samples in 500 Myr time intervals (Table S-1). Because of low
sampling density in the Archean, we average all samples older
than 2.5 Ga to create an Archean composite. We solve
Equation 1 for each composite to calculate ω and ψ, the weath-
ering and protolith coefficients.

We can use Equation 1 to reconstruct the full major elem-
ent composition of a sediment’s protolith from just its ψ value.
By substituting the ω value of a sediment in Equation 1 for that
of pristine igneous rocks (ω0=−0.271; see Supplementary
Information) the composition of a sediment’s protolith is
returned. The calculated compositions of the average sediment
protoliths through time are shown in Table 1. These protoliths
can be analysed as igneous rocks, with e.g., a Total Alkali-Silica
plot (Fig. 1). The average Archean protolith was silica-rich and
dacitic in composition but slightly more mafic than younger pro-
toliths. This evolved composition forArchean protoliths is similar,
albeitmarginallymore felsic, to the estimate of Ptáček et al. (2020)
but arrived at using independent methodologies. The average
protolith has remained constant since 2.5 Ga.

As sediments derive from broad regions, their protoliths,
in aggregate, can be assumed to be representative of the average
exposed crustal composition. Our estimate for the average pro-
tolith of recent,<0.5Ga, sedimentary rocks (Fig. 1) is within error
of the estimate of UCCas averaged by surface sampling (Rudnick
andGao, 2003), validating this approach. A uniformitarian inter-
pretation of the dacitic Archean UCC is that plate tectonics com-
menced no later than the early Archean.

Nonetheless, we note the limitations about inferring
global conditions from the small inventory of Archean samples
which are highly susceptible to preservation and sampling biases
(Korenaga, 2013). This low sample density in the Archean gives
low statistical significance to variability of age-interval means
within the Archean (Fig. 2a). Evolved igneous rocks could

Table 1 Average sediment protolith composition (wt.%) through time.Uncertainties (in the formof a covariancematrix) are given in Table S-3.

Age, Ga SiO2 Al2O3 Fe2O3
T MgO Na2O CaO K2O

0–0.5 66.5 14.6 5.32 2.32 3.98 4.32 2.95

0.5–1.0 67.3 14.5 4.99 2.05 4.04 3.98 3.17

1.0–1.5 67.1 14.5 5.06 2.11 4.03 4.05 3.11

1.5–2.0 67.3 14.5 5.00 2.06 4.04 3.99 3.16

2.0–2.5 66.1 14.7 5.48 2.46 3.95 4.48 2.85

2.5þ 64.1 14.9 6.22 3.16 3.82 5.27 2.46
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also be generated in the absence of plate tectonics (Reimink
et al., 2014).

Focusing exclusively on the average sediment protolith
neglects other features in our dataset. The protolith coefficients,
ψ, for individual samples through time (Fig. 2a) show a large

diversity in protoliths throughout Earth’s history, including the
Archean. If each individual ψ represents a catchment averaged
protolith, then the diversity of rocks at the Earth’s surface has
remained nearly constant since ∼4 Ga. The ψ distributions from
before 2.5 Ga are compared to those from 0–0.5 Ga in Figure 2b.

Figure 1 Adacitic composition for Archean UCC. Total Alkali-Silica plot displaying the protoliths of the average sediment for different time
periods (Le Maitre et al., 2005). Ellipses indicate standard error (see Supplementary Information). ‘×’ is the pristine igneous precursor of the
modern upper continental crust (Rudnick and Gao, 2003). Dashed line is trend described by p̂.

(b)(a)

Figure 2 Archean protoliths were more mafic than the present day but equally diverse. (a) Grey points are protolith coefficients, ψ, for
individual samples. Mean ψ ± σ for each 0.5 Ga time period given by black circles. Means for >3 Ga greyed out to emphasise low sample
coverage. (b) Box and whisker comparison of protolith distributions for samples of age >2.5 and 0–0.5 Ga. Whiskers extend 1.5 ×
interquartile-range from the upper/lower quartiles. 200 randomly selected samples shown for each age group.
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Whilst the median of the two distributions is different, there is
still considerable overlap. The high diversity of exposed rocks,
and their on-average evolved nature, suggests that during the
Archean the exposed continental crust was more similar to the
modern crust than it was different. Near-constant protolith
diversity from the Archean to Recent is independently evidenced
by the ratio of felsic to mafic igneous rocks in a comprehensive
compilation of geologic columns in North America (Fig. S-5;
Peters et al., 2018). This near-constant protolith diversity sup-
ports uniformitarian models of petrogenetic processes, e.g., long
lived plate tectonics.

Crustal Weathering on Billion Year
Timescales

Second, we explore how the efficiency of CO2 drawdown by
crustal weathering may have evolved through time. The weath-
ering of mafic rocks sequesters more CO2 than felsic rocks due to
their higher concentrations of Ca and Mg (e.g., Dessert et al.,
2003). The more mafic Archean UCC could result in more
CO2 sequestered per mass of rock weathered than modern
UCC. This effect could potentially bring theweathering CO2 sink
in balance with mantle outgassing despite a smaller exposed
continental area (Albarede et al., 2020). To quantify this effect,
we calculate the chemical depletion fraction for any ω–ψ
pair, assuming that Al2O3 is immobile (see Supplementary
Information). Themass of each elementmobilised due toweath-
ering per kg of protolith eroded can then be converted intomoles
of carbonate-bound CO2 assuming the stoichiometry

CaSiO3 + CO2 ➝ CaCO3 + SiO2,

and efficient Mg-Ca exchange at mid-ocean ridges (Holland,
1984). Any ω–ψ pair can thus be converted into a (maximum)
amount of CO2deposited perkg ofweathered protolith (Fig. S-3a).

Weathering the Archean protolith sequesters∼25%more
CO2 than subsequent protoliths for the same weathering

intensity (Fig. S-3b). Since the Archean, the CO2 sequestered
per kg UCC eroded has not changed considerably (Fig. S-3a).
On timescales greater than 0.5 Gyr therefore, any change in
Earth’s total weathering fluxmust have been achieved by chang-
ing the absolute amount of erosion, not theweathering intensity.
Hence, to maintain an equitable climate over these timescales,
secular changes in volcanic CO2 outgassing must have been
compensated for by changes in amounts of physical erosion.
Alternatively, changes to other aspects of the carbon cycle could
have taken place (e.g., changing the reverse weathering flux;
Isson and Planavsky, 2018).

Crustal Weathering over the
Phanerozoic

Finally, we explore how global weathering intensity has changed
during the Phanerozoic. On 10–100 Myr timescales, weathering
intensity is believed to respond to global climate state as part of a
negative feedback (Walker et al., 1981; Berner et al., 1983).
Individual sediments only record the weathering intensity of
their source regions, but collectively theymay reflect these global
shifts in silicate weathering intensity.

Figure 3 shows the weathering coefficient, ω, for the
∼12,000 samples less than 600 Ma. The lowest weathering
intensity occurs in the Neogene. Other periods of low intensity
are observed in the late Ordovician/Silurian, late Permian and
the Jurassic. Peaks in weathering intensity are found in the
Carboniferous, Triassic and Cretaceous. We find that sampling
biases do not strongly affect these observations (see Sup-
plementary Information; Fig. S-4).

The ω fluctuations we observe are on timescales too long
(10’s Myr) to be explained by the silicate weathering feedback
acting in response to short term climatic perturbations. The
weathering intensity trend is instead consistent with long term
CO2mass balance forced by changes in the magnitude of carbon
sources and sinks. For example, an increased flux of volcanic CO2

Figure 3 Weathering intensity of sedimentary rocks across the Phanerozoic. Grey points are individual samples, black line is smoothed
trend calculated using 30 Myr bandwidth Gaussian kernel, and grey lines show bootstrap uncertainty (see Supplementary Information).
Red line is de-trended Oxygen isotope composition of carbonates smoothed using 30 Myr bandwidth Gaussian. See Supplementary
Information for origin of Phanerozoic palaeoclimate data.
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would result initially in an imbalance in the geologic carbon
cycle, as the weathering sink is unchanged. However, as atmos-
pheric CO2 rises on Myr timescales, the weathering intensity of
rocks should rise due to higher pCO2 driving warmer and wetter
conditions. The carbon cycle will then achieve balance albeit at
an elevated CO2 level and altered climate state. An increase in
carbon sinks driven by, e.g., mountain building, would have
the opposite effect. The global intensity of weathering hence
changes in concert with the balance of carbon sources and sinks
(e.g., Raymo and Ruddiman, 1992; Berner and Caldeira, 1997;
McKenzie et al., 2016).

This hypothesis predicts a positive correlation between
the average surface temperature and weathering intensity. We
can test these predictions by comparing the smoothed weather-
ing trend to climate proxies. First we consider the de-trended
oxygen isotope composition of marine carbonates, considered
a proxy for global climate (Veizer et al., 2000). When the δ18O
of marine carbonates is heavy (associated with cooler climates)
we observe a lower weathering intensity while the opposite is
true for lighter δ18O (associated with warmer climates).

The validity of the δ18O record however is controversial as
it is susceptible to diagenetic overprinting (e.g., Ryb and Eiler,
2018). As a result we also compare ourω record to a less ambigu-
ous record of climate state: evidence of glaciated poles. We
observe local minima in chemical weathering intensity during
ice house climates (Ordovician-Silurian, Permian, Neogene).
We note however that the end Devonian glaciation coincides
with a period of observed high weathering intensity. These
observations generallymatch the relationship betweenweather-
ing intensities and climate state that is predicted by carbon mass
balance.

The lack of a state change in weathering intensity follow-
ing the Palaeozoic emergence of land plants further illustrates
the importance of carbon mass balance. The expansion of land
plants, by increased pedogenesis, initially caused an increase
in the weathering carbon sink. The resulting carbon cycle imbal-
ance is then resolved by a decrease inweathering intensity by the
mechanism described above (e.g., Algeo et al., 1995). Hence, only
a transient ω response is observed in response to the stepwise
expansion of land-plants.

Summary

A large inventory of sedimentary rock major element composi-
tions has been deconvolved into a record of crustal composition
and weathering intensity. Results indicate an evolved and
heterogeneous Archean crust, which suggests an early onset
of plate tectonics. Weathering of this Archean crust was ∼25 %
more efficient at sequestering atmospheric CO2 than modern
day UCC. On long, Gyr, timescales the weathering intensity
of the crust has remained constant. By contrast, on short,
100 Myr, timescales weathering intensity responds to global cli-
mate shifts consistent with a silicate weathering feedback
responding to changes in carbon sources or sinks.
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